Perchlorate, thiocyanate, and low iodine intake can all decrease iodide intake into the thyroid gland. This can reduce thyroid hormone production since iodide is a key component of thyroid hormone. Previous research has suggested that each of these factors alone may decrease thyroid hormone levels, but effect sizes are small. We hypothesized that people who have all three factors at the same time have substantially lower thyroid hormone levels than people who do not, and the effect of this combined exposure is substantially larger than the effects seen in analyses focused on only one factor at a time. Using data from the 2007-2008 National Health and Nutrition Examination Survey, subjects were categorized into exposure groups based on their urinary perchlorate, iodine, and thiocyanate concentrations, and mean serum thyroxine concentrations were compared between groups. Subjects with high perchlorate (n ¼ 1939) had thyroxine concentrations that were 5.0% lower (mean difference ¼ 0.40 mg/dl, 95% confidence interval ¼ 0.14-0.65) than subjects with low perchlorate (n ¼ 2084). The individual effects of iodine and thiocyanate were even smaller. Subjects with high perchlorate, high thiocyanate, and low iodine combined (n ¼62) had thyroxine concentrations 12.9% lower (mean difference ¼ 1.07 mg/dl, 95% confidence interval ¼ 0.55-1.59) than subjects with low perchlorate, low thiocyanate, and adequate iodine (n ¼ 376). Potential confounders had little impact on results. Overall, these results suggest that concomitant exposure to perchlorate, thiocyanate, and low iodine markedly reduces thyroxine production. This highlights the potential importance of examining the combined effects of multiple agents when evaluating the toxicity of thyroid-disrupting agents.
Introduction
Perchlorate has been used industrially as an oxidizer in solid rocket propellant, slurry explosives, road flares, and air bag inflation systems. In recent analyses from the National Health and Nutrition Examination Survey, perchlorate was detected in every urine sample tested (Blount et al., 2006) . Human environmental exposure can occur through food or water following industrial contamination or from perchlorate that is naturally occurring (OEHHA, 2004) . High doses of perchlorate have been shown to competitively inhibit iodide uptake by the sodium iodide symporter in the thyroid gland, and in the past perchlorate was used therapeutically for this effect (Stanbury and Wyngaarden, 1952; Wyngaarden et al., 1952) . This effect is important since iodide is a key component of thyroid hormone, and blocking iodide uptake into the thyroid can decrease thyroid hormone production. Thyroid hormone plays a key role in many physiologic functions, and in the fetus and child, it is critical for normal brain and neurological development. These functions highlight the public health importance of any widespread environmental agent like perchlorate that potentially affects normal thyroid function.
In an analyses of the 2001-02 National Health and Nutrition Examination Survey, evidence of an association was identified between increasing urinary concentrations of perchlorate and decreasing levels of thyroxine (Blount et al., 2006) , with the largest effects found in analyses restricted to women with urinary iodine levels o100 mg/L and urinary thiocyanate levels in the upper tertile ( 41800 mg/L) (Blount et al., 2006; Steinmaus et al., 2007) . Thiocyanate is a metabolite of cyanide found in foods or tobacco smoke and also blocks iodide uptake into the thyroid by the same mechanism as perchlorate (Braverman et al., 2005; Tonacchera et al., 2004; Wyngaarden et al., 1953) . These findings suggest that people exposed to perchlorate who are also exposed to thiocyanate and have a low iodine intake will have substantially lower thyroid hormone levels than people who do not have any of these factors or people who are just exposed to perchlorate alone. These effects could have public health implications since they suggest that people exposed to thiocyanate and who have a low iodine intake may have the greatest risk from any adverse effects caused by perchlorate exposure, and thus should be given specific consideration when establishing or revising policies or regulations aimed at reducing perchlorate toxicity.
The National Health and Nutrition Examination Survey 2007-08, which is the first the National Health and Nutrition Examination Survey since 2001-02 with data on both thyroid hormones and perchlorate, provides an opportunity to help confirm the 2001-02 findings. One advantage of the National Health and Nutrition Examination Survey 2007-08 over the 2001-02 survey is that data were collected on several additional outcome measures and potential confounders including free thyroxine, triiodothyronine, free triiodothyronine, thyroid antibodies, and urinary specific gravity. Perhaps an even more important advantage is that perchlorate, iodine, thiocyanate, and thyroid hormones were collected in a larger number of subjects than in 2001-02 (5921 versus 2268) . This larger sample size provides greater statistical power to identify associations, which is especially important when examining smaller subgroups.
A statistically significant association between increasing urinary perchlorate concentrations and decreasing serum thyroid hormone concentrations has already been reported in a recent study using data from the 2007-08 survey (Mendez and Eftim, 2012) . However, the combined effects of perchlorate with iodine and thiocyanate were not assessed. The goal of our study is to use this same data set to investigate whether people exposed to a combination of these three important thyroid disrupting factors (perchlorate, and thiocynate, and low iodine) have lower thyroid hormone levels than people who do not have any of these three factors or people who are exposed to just one. The combined effects of multiple agents on thyroid hormone production have been seen in animal and cellular studies (De Groef et al., 2006) . The purpose of this investigation however, is to help confirm whether this same effect can also be seen in a human study.
Materials and methods
The National Health and Nutrition Examination Survey is a national survey of health, nutrition, and sociodemographic information involving a complex multistage probability sampling design conducted by the Centers for Disease Control and Prevention (CDC, 2007) . In the 2007-08 Survey, urinary levels of perchlorate, iodine, nitrate, thiocyanate, creatinine, and specific gravity, and serum levels of thyroxine, thyroid stimulating hormone, free thyroxine, triiodothyronine, free triiodothyronine, and two thyroid antibodies (thyroglobulin antibody and thyroperoxidase antibody) were analyzed in a majority sub-sample of all subjects. Information was also collected on other variables linked to thyroid hormone or antibody levels or to urinary iodine, perchlorate, thiocyanate, or creatinine concentrations in other studies, including gender, race (Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, or Other), age (20 year age groups), education (less than high school graduate, high school graduate, college, or other), income (o$20k, 20-60k, 60K þ per year) (Steinmaus et al., 2010) , smoking status (Steinmaus et al., 2007) , serum albumin (gm/dl), body mass index (kg/m 2 ), 24 h caloric intake (kcal/day from 24 h dietary recall data), hours of fasting before sample collection (self-report) (Blount et al., 2006) , pregnancy status (based on urinary pregnancy test results and self-reports), post-menopausal status (based on self-report, time since last period, and presence or absence of other reasons for missed menstruation), premenarche status (self-report), current lactation (self-report), past or current thyroid disease (self-report), and use of medications known to affect thyroid hormone levels (e.g., levothyroxine, methimazole, propylthiouracil, beta blockers, lithium, amiodarone, and estrogens) (selfreport) (Aoki et al., 2007) . The methods used to collect and perform laboratory analyses of perchlorate, iodine, thiocyanate, thyroxine, thyroid stimulating hormone, and other agents, and the quality control procedures involved in the 2001-02 and 2007-08 surveys are described in detail elsewhere (CDC, 2007) . Briefly, 2007-08 serum samples were assayed for thyroid stimulating hormone using the Access HYPERsensitive human thyroid-stimulating hormone assay, a 3rd generation, two-site immunoenzymatic (''sandwich'') assay; for thyroxine using the Access Total Thyroxine assay, which is a competitive binding immunoenzymatic assay; and for free thyroxine using a two-step enzyme immunoassay. These assays were done using a Beckman Access or Access II Immunoassay System (Beckman Coulter, Fullerton, CA). Laboratory reference ranges for total thyroxine, free thyroxine, and thyroid stimulating hormone were 6.1-12.2 mg/dL, 0.6-1.6 ng/dL, and 0.34-5.60 IU/L, respectively. Similar methods were used for 2001-02 samples, although performed in a different laboratory. Urine samples were analyzed for perchlorate, thiocyanate, and nitrate using ion chromatography coupled with electrospray tandem mass spectrometry. Urine iodine concentrations were determined by inductively coupled plasma dynamic reaction cell mass spectroscopy.
In order to evaluate the combined effects of perchlorate, thiocyanate, and low iodine on thyroid hormone levels, subjects were categorized into one of three groups based on their urinary concentrations of these analytes. Group A, the ''low perchlorate, low thiocyanate, and adequate iodine'' group was considered the ''low exposure'' reference group and included subjects who had a combination of urinary perchlorate concentrations in the lower tertile of all urinary perchlorate concentrations, urinary thiocyanate concentrations in the lower tertile of all urinary thiocyanate concentrations, and urinary iodine concentrations Z 100 mg/ L. Group B, the ''moderate perchlorate, moderate thiocyanate, and adequate iodine'' group, was considered the ''medium exposure'' group and included subjects who had a combination of urinary perchlorate concentrations in the middle tertile, urinary thiocyanate concentrations in the middle tertile, and urinary iodine concentrations Z 100 mg/L. Group C, the ''high perchlorate, high thiocyanate, and low iodine'' group, was considered the ''high exposure'' group and included subjects who had a combination of urinary perchlorate concentrations in the upper tertile, urinary thiocyanate concentrations in the upper tertile, and urinary iodine concentrations o100 mg/L. The mean levels of each thyroid hormone (our main dependent variables) in Groups C and B were then compared to those in Group A, with the a priori hypothesis that Group C would have lower serum thyroxine or higher thyroid stimulating hormone levels than Group A, and Group B would have a mean thyroxine level between that in Groups A and C. The 100 mg/L cut-off for iodine was used because it was the same stratification level used in several previous similar studies (Blount et al., 2006; Cao et al., 2010; Steinmaus et al., 2007) and because 100 mg/L is the cut-off point used for population medians by the World Health Organization (WHO) to define iodine deficiency in a population (WHO, 1994) . Iodine tertiles were not used since some data suggests that very high iodine intakes in susceptible individuals can paradoxically decrease thyroid hormone production (Wolff and Chaikoff, 1948) . Sample sizes were too small to perform the same categorical analyses on the 2001-02 data, although analyses were done with 2001-02 and 2007-08 data combined.
Previous investigations of thyroid-disrupting agents have commonly examined only one exposure agent at a time (Braverman et al., 2006; Brechner et al., 2000; Steinmaus et al., 2010) . In order to compare the effects we found for perchlorate, thiocyanate, and iodine combined with the effects that would be seen from only examining one factor at a time, we performed separate analyses in which thyroid hormone levels in subjects in the upper tertile of perchlorate were compared to those in subjects in the lower tertile of perchlorate (independent of thiocyanate and iodine). Similar analyses were done for thiocyanate and iodine. Using quartiles instead of tertiles had no impact on conclusions.
All statistical analyses were done with SAS version 9.2 (SAS Institute Inc., Cary NC, USA) using Surveyreg with the domain function to analyze subgroups. The Surveyreg procedure allows the National Health and Nutrition Examination Survey complex sample design and weighting scheme to be incorporated with arguably more accurate estimates of variance. Analyses were also done without the use of these complex weighting schemes and these produced almost identical results. Inspection of the thyroid hormone residuals showed them to be normally distributed and the Durbin-Watson statistics for independence were near 2.0.
All categorical analyses were adjusted for age (in 20 year age groups), gender (except in gender stratified analyses), and urine specific gravity (to help adjust for urine dilution). Separate analyses were done in which exposure groups were based on tertiles of specific gravity-adjusted perchlorate, thiocyanate, and iodine concentrations (Sorahan, 2008) . Entering age in narrower age groups or as a continuous variable or using urine creatinine instead of specific gravity had little impact on results. Indicator variables for pregnancy status, premenarche, menopause, lactation status, obesity, thyroid-related medication use, history of or current thyroid disease, thyroglobulin and thyroid peroxidase antibodies (defined as positive if 44 IU/ml and 49 IU/ml, respectively), kcals, fasting time, albumin, race/ethnicity, highest education level achieved, and income were entered into each model one at a time, and factors that changed the perchlorate-thyroid hormone regression coefficients or mean differences between the exposure categories being assessed by more than 10% were retained in the model. Since nitrate can potentially inhibit iodide uptake and decrease thyroid hormone production by the same mechanism as perchlorate and thiocyanate, and it was evaluated in separate subgroup analyses. We also performed analyses where people on medications known to effect thyroid hormone levels or people with past or current thyroid disease were excluded. Initial univariate and multivariate analyses showed no clear evidence of combined effects of iodine, thiocyanate and urinary perchlorate on serum thyroid stimulating hormone, triiodothyronine, or free triiodothyronine, so the major focus of this paper is on thyroxine and free thyroxine. In addition to the categorical analyses described above, linear regression analyses using the urinary concentration of perchlorate as the independent variable and each thyroid hormone as the dependent variable (with both perchlorate and the thyroid hormone being assessed entered as continuous variables) were also performed, with stratifications by gender, iodine, and thiocyanate levels. These stratified linear regression analyses used the same methods that were used in the earlier analyses of the National Health and Nutrition Examination Survey 2001-02 data and were done for comparison purposes (Blount et al., 2006; Steinmaus et al., 2007) .
Results
Mean and median levels of perchlorate, thyroid hormones and other factors in both the 2001-02 and 2007-08 surveys are shown in Table 1 . Median levels of thiocyanate and total thyroxine were somewhat lower (12.9 and 5.0% lower, respectively), and median levels of thyroid stimulating hormone were somewhat higher (12.1%) in 2007-08 than in 2001-02. Tables 2 and 3 show the medians and proportions of various demographic and other variables across the three exposure groups we assessed. Urine creatinine and nitrate were lower in Group A than in the other groups (Table 2) . Subjects in Group C were more likely to be male (odds ratio in Group C versus Group A ¼2.64 (95% confidence interval¼1.53-4.53)), somewhat less likely to be White (odds ratio Group C versus Group A ¼0.86 (95% confidence interval, 0.50-1.49)), and younger (the average age in Groups C and A were 37.9 and 48.8 years, respectively; mean difference ¼10.9 years (95% confidence interval, 5.1-16.8) ( Table 3 ). The numbers of subjects in Group C is lower than the other groups due to the fairly strong correlation between urinary iodine and perchlorate (Spearman correlation coefficient¼0.53, 95% confidence intervals ¼0.52-0.55). Most of this correlation remained after adjustment for urine specific gravity (adjusted Spearman correlation coefficient¼0.34, 95% confidence interval ¼0.32-0.36).
Analyses evaluating each major exposure factor (perchlorate, thiocyanate, and iodine) one at a time are shown in Table 4 . As seen, in analyses adjusted for age, gender and specific gravity, differences in iodine (o100 vs. Z100 mg/L), thiocyanate (upper versus lower tertiles), and perchlorate (upper versus lower tertiles) by themselves were associated with a 0.3%, 2.5%, and 5.0% difference in mean total thyroxine, respectively. Table 5 shows the results of the analyses comparing mean total and free thyroxine levels across exposure Groups A, B, and C. The unadjusted mean total thyroxine values in exposure Groups A, B, and C were 8.31, 7.84, and 7.19 mg/dl, respectively. Subjects in Group C had an age, sex, and specific gravity-adjusted mean total thyroxine value that was 12.9% lower than Group A (mean difference¼1.07 mg/dl, 95% confidence interval¼0.55-1.59), while subjects in Group B had an adjusted mean total thyroxine value that was 5.1% lower than subjects in Group A (mean difference¼0.42 mg/dl, 95% confidence interval¼0.00-0.85). Similar but somewhat smaller effects were seen for free thyroxine. The individual total thyroxine values used in these analyses are shown in the online Appendix (Fig. A1) . Differences in mean total thyroxine levels between Group C and A (mean difference¼0.97 mg/dl, 95% confidence interval¼0.59-1.35) and between Groups B and A (mean difference ¼0.38, 95% confidence interval¼ À0.07-0.82) remained when 2001-02 and 2007-08 data were combined. And, similar results were seen when exposure groups were based on specific gravity-adjusted perchlorate, thiocyanate, and iodine concentrations (online Appendix Table A1 ). When urinary nitrate levels were used in place of one of the other thyroid disruptors, the difference in mean total thyroxine levels between the exposure groups was much less. For example, if nitrate is used in place of perchlorate in defining exposure Groups A, B, and C, the age, gender, and specific gravity-adjusted difference in mean total thyroxine levels between Groups C and A decreased from 12.9% to 5.1% (mean difference¼0.40 mg/dl, 95% confidence interval¼0.04-0.78).
Both adjusted and stratified analyses showed that the age and gender differences across the exposure groups had only small effects on results. For example, as shown in Table 5 , total thyroxine differences across Groups A, B, and C in the unadjusted analyses were similar to those in the age, gender, and specific gravity adjusted analyses. And, differences in total thyroxine values across the groups remained in analyses stratified by either age or gender (not shown). For example, in analyses stratified into age groupsr20, 21-40, 41-60, and 60 þ years, mean total thyroxine values adjusted for sex and specific gravity were 15.2% (mean difference¼ 1.26 mg/dl), 8.5% (mean difference¼ 0.69 mg/dl), 10.8% (mean difference¼0.87 mg/dl), and 14.3% (mean difference¼1.22 mg/dl) lower in Group C than in Group A, respectively. For males and females, respectively, mean total thyroxine values adjusted for age and specific gravity were 12.7% (mean difference¼ 0.98 mg/dl) and 11.1% (mean difference¼ 0.92 mg/dl) lower in Group C than in Group A. Excluding subjects with a history of thyroid disease, thyroid medication, betablocker, lithium, amiodarone, or estrogen use, or excluding pregnant or lactating women involved only a few excluded subjects and had essentially no effect on results. In initial analyses, all models were adjusted for many different potential confounding variables. This includes those factors known to be among the most important determinants of thyroid hormone levels in large population based samples (e.g., age, gender, thyroid disease, medications, and race). None of these factors changed the mean difference by more than 10%.
In linear regression analyses with the logarithm of perchlorate concentration as the main independent variable and each thyroid hormone concentration as the dependent variable, both entered as continuous variables, the fairly strong associations seen in 2001-02 between perchlorate and total thyroxine in women with low iodine, or in women with both low iodine and high thiocyanate are either less strong or not present in the 2007-08 results (not in tables). For example, the regression coefficient between total thyroxine and the logarithm of perchlorate was À 0.73 (n ¼362, p¼0.004) in the 2001-02 data and À0.33 (n¼907, p¼0.16) in the 2007-08 data. Removing outlying values at the upper or lower ranges of total thyroxine or perchlorate, using the 2001-02 upper tertile cut-off point to define an elevated thiocyanate in the 2007-08 analysis, or using urinary creatinine instead of urine specific gravity had no effect on the 2007-08 results.
Discussion
Overall, the results of these analyses provide evidence that subjects who are exposed to a combination of high perchlorate, high thiocyanate, and have low urinary iodine concentrations have markedly lower total thyroxine and free thyroxine levels than people without these three factors. The finding that greater effects are seen when all three factors (high perchlorate and thiocyanate and low iodine) are assessed together than when each was evaluated individually highlights the importance of evaluating the combined effects of multiple agents when assessing the impacts of thyroid disrupting chemicals. Previous data from animal and laboratory studies have shown that perchlorate, thiocyanate, and low iodine may act in combination to lower iodide intake into the thyroid gland (De Groef et al., 2006) . However, the relevance of these studies to humans is unknown since in vitro exposures differ from actual human exposures, and rats differ markedly from humans in thyroid hormone half-lives, protein binding, sodium iodide symporter expression, perchlorate sensitivity, and co-exposures (Lewandowski et al., 2004; OEHHA, 2004) . The data presented here provides a relatively rare example of these effects in a human epidemiologic study.
Adjustments, stratifications, and exclusions based on age, gender, thyroid disease, medication use, and many other factors provides evidence that confounding is not responsible for the Table 2 Concentrations of thyroid hormones and other factors in exposure Groups A, B, and C. 
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Abbreviations: Max., maximum, Min., minimum; N, sample size; Std., standard deviation. effects identified here. The most likely reason why these factors did not cause important confounding is that while they may be related to thyroid hormone levels, they are not strongly related to iodine, perchlorate or thiocyanate. In order for a variable to cause important confounding, it must not only be associated with the outcome and the exposures of interest, but these associations must be fairly strong (Axelson, 1978) . Because many of the variables that can affect thyroid hormone levels are relatively rare (e.g. certain medications or rare medical conditions) or are not strongly associated with urinary perchlorate, iodine, and thiocyanate concentrations (e.g. obesity, thyroid antibodies) it is not surprising that they were not important confounders in our study. It is possible that some other confounding factor which we did not assess was responsible for the effects identified. However, it seems unlikely that a completely unknown factor is prevalent enough, and strongly enough associated with both thyroid hormone and thyroid disruptor levels to cause the 12.9% decrease in mean thyroid hormone levels seen here. The National Health and Nutrition Examination Survey is a cross-sectional survey so the results presented here are based on only a single assessment of urinary perchlorate, thiocyanate, iodine, and serum thyroid hormones. Previous studies have shown that these factors are all variable within a day and from day to day, so a single measurement might not reflect true longterm levels (Hollowell et al., 1998; Surks et al., 2005) . Importantly, though, biologic samples in the National Health and Nutrition Examination Survey are collected and analyzed similarly in all subjects, independent of perchlorate, iodine, thiocyanate, or thyroid hormone status. Thus, any misclassification of these variables is likely to be non-differential, and therefore would bias estimates of association toward the null, not toward the positive effects identified in this study (Rothman and Greenland, 1998) .
The major findings presented here are biologically plausible in that they are consistent with the known mechanism by which perchlorate, low iodine, and thiocyanate are all known to affect thyroid function (OEHHA, 2004) . Iodide is a key component of thyroid hormone and sufficient suppression of iodide uptake into the thyroid is known to diminish production of thyroid hormone. Perchlorate, thiocyanate, and nitrate competitively inhibit the sodium iodide symporter, the membrane protein that actively transports iodide into the thyroid follicular cell for thyroid a Adjusted for age, sex, and urine specific gravity and weighted using the National Health and Nutrition Examination Survey complex weighting scheme and surveyreg. b Difference¼ mean difference compared to Group A (i.e., total or free thyroxine in Group A minus total or free thyroxine in Groups B or C). c The percent difference compared to Group A. d Differences in sample sizes between the adjusted and unadjusted analyses are due to the additional subjects without data on specific gravity in the unadjusted
analyses. e The reference group.
hormone production (Stanbury and Wyngaarden, 1952; Wyngaarden et al., 1952) . In vitro research involving cells transfected with human sodium iodide symporter have shown that perchlorate, nitrate, and thiocyanate may have additive effects on inhibiting the sodium iodide symporter (Tonacchera et al., 2004) . In human studies, thiocyanate has been linked to increased risks of goiter, both in those with moderate to severe iodine deficiency ( o50 mg/g creatinine) and in those within the lower range of adequate iodine intake (100 mg/g creatinine) (Brauer et al., 2006) .
In a previous study, goiters due to the consumption of thiocyanate in cassava were more likely when iodine levels were low and were reversed with iodine supplementation (Delanghe et al., 1982) . The reason why nitrate showed little effect in our study is unknown. Nitrate is found in highly variable concentrations in many different foods and is a major byproduct of internal metabolism. As such, it is possible that a single urinary nitrate concentration is a poor reflection of long-term nitrate status at the target organ site. Some studies have linked nitrate to goiter and other thyroid effects, but these were mostly ecologic, unblinded, or based on well water or dietary nitrate intake levels rather than urinary concentrations (Gatseva and Argirova, 2008; Ward et al., 2010) . A controlled clinical trial found that nitrate doses of three times the acceptable intake level had no effects on thyroid iodide uptake or thyroid hormone levels, supporting our findings that nitrate has weak or no effect on human thyroid function (Hunault et al., 2007) .
The findings that relatively low levels of perchlorate may impact thyroid function are consistent with several other studies, especially those involving susceptible subgroups like young children or those with low iodine intake. This includes the 2001-02 National Health and Nutrition Examination Survey discussed previously (Blount et al., 2006; Steinmaus et al., 2007) . In Arizona, neonatal thyroid stimulating hormone levels were higher in perchlorate-exposed Yuma (water levels of about 6 mg/L) than in unexposed Flagstaff (Brechner et al., 2001 (Brechner et al., , 2000 . Elevations in thyroid stimulating hormone are commonly used to assess decreased total thyroxine production since decreases in total thyroxine stimulate the pituitary to secrete thyroid stimulating hormone, which stimulates the thyroid to produce more total thyroxine. A reanalysis of the Arizona data using a different ''unexposed'' comparison town found no difference in thyroid stimulating hormone levels compared with Yuma (Lamm, 2003) . However, this new comparison town was much smaller and only a few miles from Yuma, and the possibility that mothers from this town either worked, consumed food or water, or gave birth in Yuma, and thus also were also perchlorate-exposed, was not discussed. In an ecologic analysis involving almost 500,000 California mother-offspring pairs, neonates whose mothers had likely residential drinking water perchlorate concentrations45 mg/L had an up to 53% higher odds of having an elevated thyroid stimulating hormone (above the 95 th percentile) than neonates of mothers with lower drinking water perchlorate concentrations (Steinmaus et al., 2010) . In Cao et al., urinary perchlorate (expressed as mg of perchlorate per gram of creatinine) was correlated with urinary thyroid stimulating hormone levels (expressed as mlU of thyroid stimulating hormone per gram of creatinine) in neonates with iodine levelso100 mg/L but not in neonates with iodine concentrationsZ100 mg/L, although adjustments for urinary creatinine for both thyroid stimulating hormone and perchlorate could be responsible for some of this correlation (Cao et al., 2010) . Other studies of perchlorate and thyroid hormone levels have not identified clear associations, but most of these have taken place in workers or healthy volunteers who may not be particularly susceptible to perchlorate, and most did not assess the combined effects of perchlorate and other thyroid disruptors (Braverman et al., 2005 (Braverman et al., , 2006 Greer et al., 2002; Lamm et al., 1999) . Studies in Chile and Israel found no association between perchlorate drinking water concentrations near or above 100 mg/L and thyroid hormone levels in neonates (Crump et al., 2000; Tellez Tellez et al., 2005) , although in the Chile studies there was a marked overlap in urinary perchlorate concentrations between ''exposed'' and ''unexposed'' study areas; 45% of the ''exposed'' neonates were actually born in the unexposed city; and sample sizes were small in most analyses. Interestingly, the odds for a history of thyroid disease among the Chilean neonate's older family members were almost 5-fold higher in the exposed city than in the unexposed city (OR¼4.97; 95% CI, 1.29 to 19.2) (Crump et al., 2000) . In the Israeli study, no perchlorate-total thyroxine associations were found but there were only 31 mothers in the high exposure group. Two cross-sectional studies of urinary perchlorate concentrations and thyroid hormone levels in pregnant women, including subgroups with urinary iodine concentrationso100 mg/L, have also been negative, although thiocyanate levels were very low in the one study in which they were assessed (e.g. median thiocyanate levels of about 420 vs. 1220 mg/L here) (Pearce et al., 2007 (Pearce et al., , 2010 . In summary, while the current literature includes some evidence that low levels of perchlorate can impact thyroid function, findings are not consistent across all studies. A large prospective cohort study in an important susceptibility group like pregnant women or young children, in a population with a wide range of stable perchlorate exposures would help delineate exact dose-response relationships and the role of important co-exposures like thiocyanate, iodine, and other thyroid disrupting agents. Although we found evidence that perchlorate, thiocyanate, and low iodine can reduce serum total thyroxine and free thyroxine levels, no clear effect was seen on thyroid stimulating hormone. The reason for this is unknown but several possibilities exist. One relates to the fact that thyroid stimulating hormone levels are generally much more variable than total thyroxine levels. In this dataset, the coefficient of variation for thyroid stimulating hormone was more than 6-times larger than that for thyroxine (135% vs. 21%, respectively). This greater variability will result in less power to identify statistically significant effects. Another possibility is that although suppression of thyroxine is accompanied by a compensatory rise in serum thyroid stimulating hormone in many conditions, this does not necessarily occur in all conditions. For example, iodine deficiency is characterized by decreases in serum total thyroxine with normal or slightly elevated levels of serum triiodothyronine and normal levels of serum thyroid stimulating hormone (Obregon et al., 2005) . It has been shown that with iodine deficiency total thyroxine is deiodinated to triiodothyronine (LaFranchi, 2004) . Based on this, it has been suggested that although iodine deficiency may cause a decrease in serum total thyroxine levels, an associated increase in triiodothyronine exerts a negative feedback limiting any compensatory rise in thyroid stimulating hormone (Maruta and Greer, 1988) . This effect could be particularly deleterious during pregnancy since thyroxine is the predominant maternal form that crosses the placenta (Dussault, 1969) . This same mechanism could explain why we found clear differences for total thyroxine but not for thyroid stimulating hormone across the three different exposure groups we assessed.
As mentioned, there were fewer subjects in the Group C than in the other groups due to the fairly strong correlation between urinary iodine and perchlorate. The reason for this correlation is unknown but could be caused if both factors occur in the same foods or water or if perchlorate increases the urinary excretion of iodine by inhibiting iodine uptake into other organs.
The results of the linear regression analyses on the associations between perchlorate and total thyroxine in women with low iodine were not consistent between the 2001-02 and 2007-08 surveys. The reason for this is unknown. One possible explanation might be confounding, but as discussed above, a clear and obvious factor is not evident. Another possibility might be chance. Although p-values were low, the fact that multiple comparisons were done in both years increases the possibility that some findings (either positive or negative) could be due to chance. Another explanation could be related to certain potential weaknesses in the linear regression analyses themselves. One potential weakness involves the use of the logarithm of perchlorate, rather than the perchlorate concentration itself, as the main exposure variable. In the previously published 2001-02 analyses (Blount et al., 2006; Steinmaus et al., 2007) , the logarithm of perchlorate was used to help normalize the distribution of this variable and its corresponding residuals in order to help meet the assumptions of the linear regression model. It was not done based on a clear a priori hypothesis or on actual mechanistic data. This is important because if the dose-response relationship is not truly logarithm-linear, but rather is some other shape (e.g. linear-linear), this logarithm transformation could lead to true associations being missed. Another potential weakness involves the use of stratified analyses to evaluate potentially susceptible subgroups, and the inability of these stratified analyses to directly evaluate combined effects. In other words, the best way to evaluate whether perchlorate, thiocyanate, and low iodine all act together to decrease total thyroxine levels is to directly compare a group of subjects with high perchlorate, high thiocyanate, and low iodine to another group of subjects with low perchlorate, low thiocyanate, and adequate iodine levels. This is what was done in our categorical analyses (Table 5 ), but this is not what is done in the stratified linear regression analyses. For example, in the linear regression analyses stratified by iodine levelso100 mg/L, women with high perchlorate are being compared to women with low perchlorate, but everyone in this analysis has low iodine. If low iodine is truly a susceptibility factor, then we are essentially comparing susceptible people to susceptible people. By not directly comparing people with all three risk factors (i.e. high perchlorate, high thiocyanate, low iodine) to a separate group of people without any of these three risk factors, the true combined impact of these three exposures could be missed.
Conclusion
In conclusion, the findings from this study provide evidence that fairly common levels of perchlorate and thiocyanate, combined with low iodine intake, act in combination to decrease thyroid hormone production. The public health significance of these findings lies in the widespread nature of exposure to perchlorate, thiocyanate, and the many other thyroid disrupting agents. The significance also lies in the critical nature of thyroid hormone in neurodevelopment and the potential importance that relatively small decreases in thyroid hormones may have in young children and others. Several recent studies have linked small to moderate decreases (e.g. 11% to 32%) in maternal thyroxine during pregnancy and 7% to 16% decreases in IQ or other developmental index scores in children (Haddow et al., 1999; Kooistra et al., 2006; Pop et al., 2003 Pop et al., , 1999 Vermiglio et al., 2004) . Other studies have identified links between small changes in thyroid hormone and increases in cardiovascular disease risk factors like serum lipids and carotid arterial narrowing in adults, although these involved increases in thyroid stimulating hormone rather than the decreases in thyroxine and free thyroxine we identified here (Asvold et al., 2007; Canaris et al., 2000; Dullaart et al., 2007) . The effects reported in some of these studies are seen throughout a wide range of thyroid hormone levels, including in people with thyroxine levels that are within normal reference ranges and in people without any other overt signs of thyroid disease. The important role of thyroid hormone in neurodevelopment and in cardiovascular disease suggests that any common environmental exposure that could result in altered production or utilization of thyroid hornmone should be considered a significant public health issue.
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